Hypocretin/orexin signaling is critically involved in relapse to drug-seeking behaviors. In this study, we investigated the involvement of the hypocretin system in the reinstatement of nicotine-seeking behavior induced by nicotine-associated cues. Pretreatment with the hypocretin receptor-1 antagonist SB334867, but not with the hypocretin receptor-2 antagonist TCSOX229, attenuated cue-induced reinstatement of nicotine-seeking, which was associated with an activation of hypocretin neurons of the lateral and perifornical hypothalamic areas. In addition, relapse to nicotine-seeking increased the phosphorylation levels of GluR2-Ser880, NR1-Ser890, and p38 MAPK in the nucleus accumbens (NAc), but not in the prefrontal cortex. Notably, phosphorylation levels of NR1-Ser890 and p38 MAPK, but not GluR2-Ser880, were dependent on hypocretin receptor-1 activation. The intra-accumbens infusion of the protein kinase C (PKC) inhibitor NPC-15437 reduced nicotine-seeking behavior elicited by drug-paired cues consistent with the PKC-dependent phosphorylations of GluR2-Ser880 and NR1-Ser890. SB334867 failed to modify cue-induced reinstatement of food-seeking, which did not produce any biochemical changes in the NAc. These data identify hypocretin receptor-1 and PKC signaling as potential targets for the treatment of relapse to nicotine-seeking induced by nicotine-associated cues.
INTRODUCTION
Tobacco use is the leading cause of preventable death in developed countries. However, despite the harmful health consequences of tobacco smoking, approximately 80% of smokers attempting to quit on their own relapse within the first month of abstinence and only around 3% remain abstinent at 6 months (Benowitz, 2009) . A critical factor responsible for these high rates of relapse is the re-exposure to environmental stimuli associated with nicotine consumption (Caggiula et al, 2001; Chiamulera, 2005) .
Several neurotransmitters are involved in the addictive properties of nicotine, which is considered the main psychoactive constituent of tobacco De Biasi and Dani, 2011) . Hypocretin-1 and -2 (also known as orexin A and B) are lateral hypothalamic neuropeptides that project throughout the brain (Peyron et al, 1998) and have an important role in drug addiction (Aston-Jones et al, 2010; Plaza-Zabala et al, 2012a) . Increasing evidence suggests that hypocretin transmission is involved in nicotine-addictive effects. Thus, the hypocretin receptor-1 (Hcrtr-1) antagonist SB334867 (Hollander et al, 2008) and the mixed Hcrtr-1/Hcrtr-2 antagonist almorexant (LeSage et al, 2010) decreased nicotine selfadministration in rats. Hcrtr-1 signaling in the hypothalamic paraventricular nucleus was shown to participate in the somatic signs of nicotine withdrawal (Plaza-Zabala et al, 2012b) . In addition, hypocretin-1 induced reinstatement of previously extinguished nicotine-seeking behavior in mice by a mechanism independent of the corticotrophin-releasing factor (CRF) (Plaza-Zabala et al, 2010) . In spite of these findings, the potential participation of hypocretin transmission in the reinstatement of nicotine-seeking induced by nicotine-associated cues, one of the most relevant clinical factors, remains largely unexplored.
In this study, we investigated the specific contribution of Hcrtr-1 and Hcrtr-2 in cue-induced reinstatement of nicotine-seeking behavior. Relapse to drug-seeking behavior is associated with changes in synaptic plasticity involving excitatory glutamatergic transmission (Knackstedt and Kalivas, 2009 ) and MAPK signaling pathway (Wang et al, 2007) . Therefore, we investigated the effects of cue-induced reinstatement of nicotine-seeking and the influence of hypocretin transmission in the phosphorylation of NMDA and AMPA glutamate receptor subunits as well as MAPK pathway activity in the nucleus accumbens (NAc) and the prefrontal cortex (PFC). To test the selectivity of these changes for nicotine reinstatement, we studied the influence of hypocretin signaling on the behavioral and biochemical effects produced by the reinstatement of cue-induced food-seeking.
MATERIALS AND METHODS

Animals
Experiments were performed using male C57BL/6 J mice (8-10-week old) (Charles River) single-housed in a temperature (21.1±1 1C)-and humidity (55±10%)-controlled room under reversed light/dark cycle conditions (lights off at 0800 hours). Mice were habituated to reversed cycle and handled during 1 week before starting with the operant training sessions. The experiments took place during the dark phase. Food and water were available ad libitum except for mice that were tested for food-seeking behavior. The observer was blind to treatment in all the experiments. Animal procedures were conducted in accordance with the guidelines of the European Communities Directive 86/609/ EEC regulating animal research, the local ethical committee (CEEA-IMAS-UPF), and the statement of compliance with standards for use of laboratory animals by foreign institutions no. A5388-01 approved by the National Institutes of Health (USA).
Drugs
(-)-Nicotine hydrogen tartrate salt ((-)-1-methyl-2(3-pyridyl)pyrrolidine; Sigma) was dissolved in physiological saline (0.9% NaCl). The pH of the nicotine solution was adjusted to 7.4 and was contingently administered by intravenous (iv) route at the dose of 30 mg/kg per infusion (free base). The Hcrtr-1 antagonist SB334867 (Tocris Bioscience) was dissolved in 1% (2-hydroxypropyl)-bcyclodextrin (Sigma) and 10% DMSO in distilled water. The Hcrtr-2 antagonist TCSOX229 (Tocris Bioscience) was dissolved in physiological saline. SB334867 and TCSOX229 were administered by intraperitoneal (ip) route in a volume of 5 ml/kg (5 and 10 mg/kg). The protein kinase C (PKC) inhibitor NPC-15437 dihydrochloride hydrate (Sigma) was dissolved in physiological saline and administered by ip route in a volume of 10 ml/kg (0.5 and 1 mg/kg) or by intraaccumbal route (1 mg/0.5 ml/side). Ketamine hydrochloride (100 mg/kg; Imalgène 1000) and xylazine hydrochloride (20 mg/kg; Sigma) were mixed and dissolved in ethanol (5%) and distilled water (95%). This anesthetic mixture was administered ip in a volume of 10 ml/kg body weight. Thiopental sodium (5 mg/ml; Braun Medical S.A.) was dissolved in distilled water and delivered in a volume of 0.05 ml through the iv catheter.
Cue-Induced Reinstatement of Nicotine-Seeking Behavior Jugular vein catheterization. Mice were anesthetized with a ketamine/xylazine mixture and then implanted with indwelling iv silastic catheters in their right jugular vein as previously described (Soria et al, 2005) . Briefly, silastic tubing of 6 cm long (0.3 mm inner diameter, 0.6 mm outer diameter; Silastic, Dow Corning) was fitted to a 22-gauge steel cannula (Semat) that was bent at a right angle and then embedded in a cement disk (Dentalon Plus, Eraeus) with an underlying nylon mesh. The catheter tubing was inserted 1.3 cm into the right jugular vein and anchored with suture. The remaining tubing ran subcutaneously to the cannula, which exited at the midscapular region. All incisions were sutured and coated with antibiotic ointment (Bactroban, GlaxoSmithKline). After surgery, mice were allowed to recover for 4 days before initiation of self-administration sessions.
Apparatus. The experiments were conducted in mouse operant chambers (model ENV-307A-CT; Med Associates Inc.) equipped with two holes, one randomly selected as the active hole and the other as the inactive hole. Pump noise and stimuli lights (environmental cues), one located inside the active hole and the other above it were paired with the delivery of the reinforcer. Nicotine (30 mg/kg/infusion, free base) was delivered in a volume of 23.5 ml over 2 s via a syringe that was mounted on a microinfusion pump and connected via Tygon tubing to a single channel liquid swivel and to the mouse iv catheter.
Self-administration training. Slight modifications were applied to the previously described operant model (Martín-García et al, 2009) . One hour daily self-administration sessions were conducted consecutively for 10 days. Mice were trained under a fixed ratio 1 schedule of reinforcement with a 10-s time-out. Each daily session started with a priming injection of the drug. The stimuli light together with the pump noise (environmental cues) signaled delivery of nicotine infusion through the entire self-administration session. During the 10-s time-out period, the cue light was off and no reward was provided after active nose-poking. Responses on the inactive hole and all the responses elicited during the time-out period were also recorded. The session was terminated after 50 reinforcers were delivered or after 1 h, whichever occurred first. The criteria for the acquisition of self-administration behavior were achieved when in three consecutive sessions: (1) mice maintained a stable responding with o20% deviation from the mean of the total number of reinforcers earned (80% stability); (2) at least 75% responding on the active hole, and (3) a minimum of 6 reinforcers per session. The patency of iv catheters was evaluated at the end of nicotine self-administration training by an infusion of 0.05 ml of thiopental sodium through the catheter. If prominent signs of anesthesia were not apparent within 3 s of the infusion, the mouse was removed from the experiment. Only mice with patent catheter that met all the acquisition criteria were moved to the extinction phase.
Extinction. During the extinction period, nicotine and environmental cues were not available after active nosepoking. Mice were given 1 h daily sessions 6 days per week until reaching the extinction criterion during a maximum of 50 days. The criterion was achieved when active responses were o30% of the mean responses obtained during the 3 days achieving the acquisition criteria across 3 consecutive extinction sessions. Only mice that reached the extinction criterion were evaluated for reinstatement.
Cue-induced reinstatement of nicotine-seeking behavior. One day after reaching the extinction criterion, mice were tested in a single cue-induced reinstatement session that lasted for 1 h. At the beginning of the session, mice were re-exposed to the pump noise and stimuli lights (environmental cues) for 2 s. Subsequently, each active nose-poke led to the presentation of the same environmental cues. Nicotine was not available through the entire session. To evaluate the involvement of Hcrtr-1, Hcrtr-2, and PKC in this behavioral response, different groups of mice were pretreated with the Hcrtr-1 antagonist SB334867 (5 and 10 mg/kg, ip), the Hcrtr-2 antagonist TCSOX229 (5 and 10 mg/kg, ip), the PKC inhibitor NPC-15437 (0.5 and 1 mg/kg, ip or 1 mg/0.5 ml/side, intra-NAc), or vehicle 30 min before the initiation of the cue-induced reinstatement test. These doses were selected based on previous experiments (Aujla and Beninger, 2003; Sato et al, 2004; Lai et al, 2008; Plaza-Zabala et al, 2010 and do not affect locomotor activity (Lai et al, 2008; Plaza-Zabala et al, 2010 ; Figure 4 ; Supplementary Figure S1 ).
Cannula implantation and intra-NAc infusion of NPC-15437. One day after the end of nicotine self-administration training, a group of mice were implanted with bilateral intra-craneal cannulae to assess the role of accumbal PKC on cue-induced reinstatement of nicotine-seeking. Mice were anesthetized with a ketamine/xylazine mixture and placed in a stereotaxic frame (KOPF Instruments, Tujunga, CA). Bilateral guide cannulae (26 gauge, 8 mm long) were implanted at the following coordinates relative to bregma and the skull surface: anteroposterior, þ 1.35 mm; mediolateral,±1 mm; dorsoventral, À 3.6 mm; flat skull position (Paxinos and Franklin, 1997) . The cannulae were fixed to the skull with dental cement. Mice were allowed for 2 days of postoperative recovery before beginning with extinction training. One day after reaching the extinction criterion, NPC-15437 (1 mg/0.5 ml/side) or vehicle was microinjected bilaterally into the NAc 30 min before the cue-induced reinstatement test. Freely moving mice were prepared with injector cannulae (33 gauge, 9 mm long) that extended 1 mm from the guide cannulae to reach the NAc (4.6 mm dorsoventral from skull surface). The injector cannula was connected through polyethylene tubing (PE-20, Plastics One, Roanoke, VA) to a 10-ml Hamilton microsyringe (Hamilton, Reno, NV) that delivered NPC-15437 or vehicle at a constant rate of 0.5 ml/min through a multiple microsyringe-driven pump (Harvard 22, Harvard). Polyethylene tubing was removed from the injector cannulae 2 min after NPC-15437 or vehicle infusion to prevent drug reflux.
Cue-Induced Reinstatement of Food-Seeking Behavior
Slight modifications were performed to a recently described food-seeking model (Martín-García et al, 2011) . See Supplementary Materials and Methods for further details.
Locomotor Activity
The locomotor responses induced by the ip administration (0.5 and 1 mg/kg) or intra-NAc infusion (1 mg/0.5 ml/side) of NPC-15437 were measured by using individual locomotor activity boxes (9 Â 20 Â 11 cm 3 , Imetronic, Pessac, France 
Immunoblot Analysis
See Supplementary Materials and Methods for details.
Data Analysis
Two-way ANOVA with repeated measures was used to analyze the acquisition of nicotine self-administration and food-maintained operant behaviors (hole and day as within-subject factors). The analysis was followed by Fisher's LSD test for each day of training. One-way ANOVA with repeated measures (with experimental phase as within-subject factor) was applied to evaluate the reinstatement elicited by presentation of nicotine-or food-associated cues in mice extinguished from operant behavior. The effects of the pretreatment with SB334867, TCSOX229, or NPC-15437 on cue-induced reinstatement of nicotineand food-seeking behavior were compared using one-way ANOVA followed by post-hoc analyses (Newman-Keuls) when required. The results of immunofluorescence and immunoblot experiments were analyzed by Student's t-test. The level of significance was Po0.05 in all the experiments.
RESULTS
Acquisition and Extinction of Nicotine SelfAdministration behaviors
Mice were trained to self-administer nicotine (30 mg/kg per infusion, free base) during 10 consecutive days. Two-way ANOVA with repeated measures revealed an interaction between day of training and hole (F (9,540) ¼ 18.40, Po0.01), indicating a progressive acquisition of the operant behavior across days (Figure 1a) . The acquisition criteria were achieved in 8±0.2 days by 71% of mice trained to selfadminister nicotine. We have previously shown using this operant paradigm that mice trained to self-administer nicotine reliably acquired the behavior when compared with mice self-administering saline (Plaza-Zabala et al, 2010; Martín-García et al, 2009) . Mice that met the acquisition criteria for nicotine self-administration behavior went through extinction sessions. The extinction criterion was achieved by 89% of mice in 18 ± 1.2 days (Figure 1b) . During the first extinction session, mice showed a significant increase in the number of responses in the active hole (20 ± 1.4) compared with the last day of nicotine self-administration training (17 ± 0.9) (Po0.05) (Figure 1a and b) , indicating a reliable acquisition of nicotine self-administration behavior. One day after the mice met the extinction criterion, they were tested for cueinduced reinstatement of nicotine-seeking.
Pretreatment With SB334867, but not TCSOX229, Attenuated Cue-Induced Reinstatement of Nicotine-Seeking Behavior Reinstatement studies were performed using a betweensubjects design. Thus, different groups of mice were tested for cue-induced reinstatement after pretreatment with vehicle, the Hcrtr-1 antagonist SB334867 (5 and 10 mg/kg, ip), or the Hcrtr-2 antagonist TCSOX229 (5 and 10 mg/kg, ip). To exclude any possible bias of nicotine-acquisition levels, two-way ANOVA with repeated measures was performed among the different groups of treatment tested Hypocretin and reinstatement of nicotine-seeking behavior A Plaza-Zabala et al for reinstatement. As expected, two-way ANOVA revealed a significant effect of day of training (F (9,423) ¼ 11.89, Po0.01), but no significant effect of the treatment groups tested for reinstatement (F (5,47) ¼ 0.19, NS) or interaction between the two factors (F (45,423) ¼ 1.06, NS), indicating the absence of differences on self-administration levels for the different groups tested for reinstatement.
As previously reported (Martín-García et al, 2009), mice presented with nicotine-associated cues reinstated a previously extinguished nicotine-seeking behavior (Figure 1c  and d) . Pretreatment with the Hcrtr-1 antagonist SB334867 dose-dependently attenuated this effect (Figure 1c) . Oneway ANOVA revealed a significant effect of SB334867 treatment on reinstatement (F (2,27) ¼ 7.13, Po0.01). Subsequent post-hoc analysis confirmed that mice treated with SB334867 at 5 mg/kg (Po0.05) and 10 mg/kg (Po0.01) showed lower active responses than vehicle-treated mice. Conversely, pretreatment with the Hcrtr-2 antagonist TCSOX229 did not influence responding after presentation of nicotine-conditioned cues (F (2,24) ¼ 0.84, NS; Figure 1d ), indicating that Hcrtr-1 has a specific role in the modulation of this behavior.
Re-exposure to Nicotine-Paired Cues Activated Hypocretin Neurons in the Lateral and Perifornical Hypothalamic Areas
To further explore the involvement of hypocretin transmission in cue-induced reinstatement of nicotine-seeking, we evaluated the possible activation of hypocretin neurons by using double-labeled immunofluorescence of c-Fos with hypocretin-1 in the lateral hypothalamic area. The percentage of c-Fos-positive hypocretin neurons increased in the lateral hypothalamus (LH; Po0.05) and the perifornical area (PFA; Po0.05) after presentation of nicotine-associated cues (Figure 1e and f) . By contrast, c-Fos expression in hypocretin cells from the dorsomedial hypothalamus (DMH) remained unchanged (Figure 1e ), indicating that LH and PFA subpopulations of hypocretin neurons are specifically engaged during cue-elicited reinstatement of nicotine-seeking behavior.
Cue-Induced Reinstatement of Nicotine-Seeking was Associated with an Hcrtr-1-Dependent Phosphorylation of NR1-Ser890 and p38 MAPK in the NAc Changes on excitatory glutamatergic transmission have a crucial role in drug-seeking behaviors (Kalivas, 2009 ). Phosphorylation of NMDA and AMPA receptor subunits participates in the regulation of trafficking, surface expression, and function of these receptors (Santos et al, 2009; Gladding and Raymond, 2011) , which modulates the efficacy and strength of excitatory synapses (Wang et al, 2006) . Additionally, the MAPK signaling pathway is directly involved in the regulation of synaptic plasticity (Wang et al, 2007) . Therefore, we evaluated the possible changes induced by nicotine-seeking in the phosphorylation levels of NMDA and AMPA receptor subunits, as well as some MAPK in two key regions relevant to drug relapse, NAc and PFC. Interestingly, cue-induced reinstatement of nicotine-seeking elicited an increase in the phosphorylation levels of GluR2-Ser880, NR1-Ser890, and p38 MAPK in the NAc (Po0.05) (Figure 2a, d, and f) . Other phosphorylations analyzed in the same brain region, such as GluR1-Ser831, GluR1-Ser845, NR1-Ser896, and ERK were not influenced by nicotine-seeking (Figure 2b, c, e, and g ). Notably, phosphorylation levels of NR1-Ser890 and p38 MAPK (Po0.05), but not GluR2-Ser880, were significantly reduced in the NAc of mice pretreated with SB334867 (10 mg/kg, ip) (Figure 2a , d, and f). SB334867 (10 mg/kg, ip) treatment per se did not modify the phosphorylation levels of NR1-Ser890 and p38 MAPK in the NAc (Figure 2h and i) . On the contrary, analysis of the same phosphorylations in the PFC did not reveal any differences (Figure 3) . These results indicate that cue-induced reinstatement of nicotine-seeking increases phosphorylation of GluR2-Ser880, NR1-Ser890, and p38 MAPK in the NAc. However, only NR1-Ser890 and p38 MAPK phosphorylations depend on Hcrtr-1 activation.
Intra-NAc Infusion of the PKC Inhibitor NPC-15437 Blocked Nicotine-Seeking Behavior Elicited by Drug-Paired Cues
Both GluR2-Ser880 and NR1-Ser890 are PKC-regulated phosphorylation sites (Tingley et al, 1997; Chung et al, 2000) . Moreover, cue-induced reinstatement of nicotineseeking increased phosphorylation levels of PKC target proteins in the NAc (Po0.05) (Figure 4a and b) , as assessed by an antibody that specifically recognizes PKC phosphorylated substrates. Therefore, we next evaluated whether PKC signaling had a role in nicotine-seeking behavior promoted by nicotine-conditioned cues. A between-subjects design was used to perform this experiment. Pretreatment with the PKC inhibitor NPC-15437 (0.5 and 1 mg/kg, ip) dosedependently attenuated cue-elicited reinstatement of nicotine-seeking (Figure 4d ). One-way ANOVA showed a significant effect of NPC-15437 treatment during reinstatement (F (2,27) ¼ 5.19, Po0.05), and post-hoc analysis revealed that only the high dose of the PKC inhibitor (1 mg/kg, ip) (Po0.05) attenuated this behavioral response. This effect was not due to changes in locomotion as NPC-15437 (0.5 and 1 mg/kg, ip) did not modify locomotor activity (Figure 4c) . Furthermore, the PKC inhibitor was effective in blocking the activity of this enzyme as pretreatment with NPC-15437 attenuated the phosphorylation of PKC substrates in the NAc of mice tested for reinstatement (Po0.05; Figure 4a and b). Based on these biochemical and behavioral data, we next assessed the specific contribution of accumbal PKC to cue-induced reinstatement of nicotineseeking behavior. The intra-NAc infusion of NPC-15437 (1 mg/0.5 ml/side) blocked this behavioral response (Po0.01), whereas it did not alter locomotor activity (Figure 4e and f) , demonstrating that PKC signaling in the NAc is essential for reinstatement of nicotine-seeking behavior following re-exposure to nicotine-conditioned cues.
Hypocretin Receptors do not Influence Cue-Induced Reinstatement of Food-Seeking Behavior
To discard any potential non-specific effects of SB334867 and TCSOX229 on the reinstatement of nicotine-seeking behavior and the possible modifications that the operant behavior by itself could induce in the biochemical changes observed in the NAc, a new group of C57BL/6J mice were tested for cue-induced reinstatement of food-seeking behavior. Mice were trained to obtain standard food pellets using the same operant paradigm described for nicotine. Two-way ANOVA with repeated measures showed an interaction between training session and hole (F (9,396) ¼ 139.59, Po0.01), indicating a progress in foodmaintained operant responses (Figure 5a ). All the mice trained to respond for food achieved the acquisition criteria in 6 ± 0.3 days. Once the training phase was completed, mice underwent extinction sessions. The criterion for extinction was reached by the complete group of mice in 4 ± 0.1 days (Figure 5b ). One day after mice extinguished the behavior, they were tested for cue-induced reinstatement of food-seeking behavior. The reinstatement experiments were performed using a between-subjects design. Thus, mice were divided into 4 treatment groups: vehicle, SB334867 (5 and 10 mg/kg, ip), and TCSOX229 (10 mg/kg, ip). Two-way ANOVA with repeated measures revealed that the treatment groups tested for reinstatement showed similar levels of responding during the acquisition period. Thus, no interaction was observed between active responding across days and the treatment received on reinstatement (F (27, 288) ¼ 0.76, NS). Mice re-exposed to food-associated cues reinstated the previously extinguished food-seeking behavior (Figure 5c and d) . However, in contrast to mice responding for nicotine cues, pretreatment with SB334867 (5 and 10 mg/kg, ip) did not induce any effect on cueinduced reinstatement of food-seeking (F (2,21) ¼ 0.74, NS) (Figure 5c ). Likewise, pretreatment with the Hcrtr-2 Figure 2 Cue-induced reinstatement of nicotine-seeking increases phosphorylation levels of GluR2-Ser880, NR1-Ser890, and p38 MAPK in the nucleus accumbens (NAc). Hcrtr-1 selectively contributes to NR1-Ser890 and p38 MAPK phosphorylations. (a-g) Phosphorylation of (a) GluR2-Ser880, (b) GluR1-Ser831, (c) GluR1-Ser845, (d) NR1-Ser890, (e) NR1-Ser896, (f) p38 MAPK, and (g) ERK in the NAc of mice extinguished from nicotine self-administration behavior or re-exposed to nicotine-associated cues after pretreatment with SB334867 (10 mg/kg, ip or vehicle; n ¼ 6 mice per group). (h, i) Phosphorylation of (h) NR1-Ser890 and (i) p38 MAPK in the NAc of C57BL/6J naive mice after pretreatment with SB334867 (10 mg/kg, ip or vehicle; n ¼ 5 mice per group). Data are expressed as mean±SEM. *Po0.05 compared with the extinction group; # Po0.05 comparison between pretreatments.
Hypocretin and reinstatement of nicotine-seeking behavior A Plaza-Zabala et al antagonist TCSOX229 (10 mg/kg, ip) did not influence reinstatement of nicotine-seeking triggered by foodconditioned cues (F (1,13) ¼ 1.25, NS) (Figure 5d ). These results point toward a differential and specific role for Hcrtr-1 in the modulation of cue-induced nicotine-seeking behavior.
Cue-Induced Reinstatement of Food-Seeking was not Associated with Increased Phosphorylation of GluR2-Ser880, NR1-Ser890 and p38 MAPK in the NAc
The phosphorylation levels of GluR2-Ser880, NR1-Ser890 and p38 MAPK were analyzed in the NAc of mice tested for (a-g) Phosphorylation levels of (a) GluR2-Ser880, (b) GluR1-Ser831, (c) GluR1-Ser845, (d) NR1-Ser890, (e) NR1-Ser896, (f) p38 MAPK, and (g) ERK in the PFC of mice extinguished from nicotine self-administration behavior or re-exposed to nicotine-paired cues after pretreatment with SB334867 (10 mg/kg, ip or vehicle; n ¼ 7 mice per group). Data are expressed as mean±SEM. Hypocretin and reinstatement of nicotine-seeking behavior A Plaza-Zabala et al reinstatement of food-seeking. In contrast to the results obtained for nicotine, cue-induced food-seeking did not induce changes in the phosphorylation levels of GluR2-Ser880, NR1-Ser890, and p38 MAPK in the NAc (Figure 5e-g ). Additionally, pretreatment with SB334867 (10 mg/kg, ip) did not have any effect on the abovementioned phosphorylations in the NAc (Figure 5e-g ). These data suggest that different biochemical mechanisms underlie food-and nicotine-seeking behavior after re-exposure to reward-associated cues.
DISCUSSION
This report demonstrates that blockade of Hcrtr-1, but not Hcrtr-2, attenuates cue-induced reinstatement of nicotineseeking behavior. By contrast, hypocretin transmission does not influence reinstatement of food-seeking elicited by foodpaired cues under our experimental conditions (standard food in food-deprived mice), suggesting a specific role for Hcrtr-1 in the responses promoted by nicotine-associated cues. Reinstatement of nicotine-seeking was associated with specific changes in glutamate transmission and MAPK signaling in the NAc. Thus, PKC-dependent phosphorylation of GluR2-Ser880 and NR1-Ser890 as well as phosphorylation of p38 MAPK were increased in the NAc of mice re-exposed to nicotine-associated cues. Interestingly, phosphorylation of NR1-Ser890 and p38 MAPK selectively depended on Hcrtr-1 activation. Moreover, inhibition of accumbal PKC signaling effectively reduced reinstatement of cue-induced nicotineseeking.
We have recently shown that the intracerebroventricular infusion of hypocretin-1 reinstates a previously extinguished nicotine-seeking behavior in mice by a mechanism independent of the CRF system (Plaza-Zabala et al, 2010). Thus, the CRF 1 receptor antagonist antalarmin did not block the effects of hypocretin-1 on reinstatement, whereas the Hcrtr-1 antagonist SB334867 did not modify the CRFdependent footshock stress-induced reinstatement of nicotine-seeking (Plaza-Zabala et al, 2010) . In agreement, hypocretins and CRF use independent mechanisms to modulate cocaine-seeking behavior, at least at the level of the ventral tegmental area (VTA) (Wang et al, 2009) . In this study, we demonstrate that the blockade of Hcrtr-1 attenuates cue-induced reinstatement of nicotine-seeking in a dose-dependent manner, suggesting that presentation of the cues previously associated with nicotine is sufficient to evoke the release of endogenous hypocretins to drive this behavior. Consistently, hypocretin neurons from the LH and the PFA showed an increase in c-Fos expression following presentation of nicotine-associated cues. In agreement with our results, Hcrtr-1 signaling has also been reported to modulate cue-induced reinstatement of alcohol (Lawrence et al, 2006) , cocaine (Smith et al, 2009) , and heroin-seeking behavior (Smith and Aston-Jones, 2012) . Moreover, reinstatement of alcohol-seeking behavior elicited by stimuli linked to ethanol availability increased the number of c-Fos-positive hypocretin neurons in the lateral hypothalamic area (Dayas et al, 2008) . The existence of a functional dichotomy for hypocretin cell populations has been proposed (Harris and Aston-Jones, 2006) , with hypocretin cells located in the LH mainly involved in reward processing while those located in the DMH/PFA having a role in the regulation of arousal and stress. The activation of hypocretin cells observed in the present study could be due to the increase in motivation and attentional processing involved in the relapse to nicotine-seeking elicited by nicotine-paired cues. However, the effect of stress commonly related to hypocretin cells of the DMH would be less important in this process. In agreement with our results, context-induced reinstatement of alcoholseeking behavior increased c-Fos expression in hypocretin cells located in the LH and the PFA but not in the DMH (Hamlin et al, 2007) . In any case, further studies will be required to confirm the possible different physiological role of the diverse hypocretin cell populations.
The present results point to a specific role for Hcrtr-1 in relapse to nicotine-seeking as the Hcrtr-2 antagonist TCSOX229 did not modify this response. In agreement, Hcrtr-2 did not participate in cue-induced relapse to cocaine-seeking behavior (Smith et al, 2009) . Moreover, both hypocretin receptor antagonists did not prevent cueinduced food-seeking behavior under our experimental conditions (standard food in food-restricted mice). Indeed, hypocretins seem to have a role in food-seeking and taking when motivation is high (palatable and/or salient foods) (Mahler et al, 2012a) . Thus, SB334867 reduced cue-induced reinstatement of sucrose seeking in food-restricted rats (Cason and Aston-Jones, 2013) . However, consistent with our results, SB334867 did not reduce reinstatement of highfat food-seeking elicited by hypocretin-1, a food prime, or yohimbine (Nair et al, 2008) , although food-seeking driven by conditioned cues was not evaluated in this previous study. Figure 4 Cue-induced reinstatement of nicotine-seeking is modulated by PKC signaling in the nucleus accumbens (NAc). (a) PKC-phosphorylated substrates in the NAc of mice extinguished from nicotine self-administration behavior or re-exposed to nicotine-associated cues after pretreatment with NPC-15437 (1 mg/kg, ip or vehicle; n ¼ 4 mice per group). (b) Representative blot showing PKC-phosphorylated substrates in the NAc of mice after extinction or cue-induced reinstatement. (c, e) Horizontal locomotor activity counts after pretreatment with (c) NPC-15437 (0.5 and 1 mg/kg, ip or vehicle; n ¼ 10-11 mice per group) and (e) NPC-15437 (1 mg/0.5 ml/side, intra-NAc or vehicle; n ¼ 6-7 mice per group). Locomotion was measured during a 1-h period 30 min after NPC-15437 administration. (d, f) Cue-triggered reinstatement of nicotine-seeking after pretreatment with (d) NPC-15437 (0.5 and 1 mg/kg, ip or vehicle; n ¼ 6-13 mice per group) and (f) NPC-15437 (1 mg/0.5 ml/side, intra-NAc or vehicle) (n ¼ 7-8 mice per group). (g) Schematic diagrams adapted from the mouse brain atlas of Paxinos and Franklin (1997) showing NPC-15437 or vehicle injection sites (black dots) in the NAc. Each image indicates the distance from Bregma. (h) Representative photomicrograph of a coronal section of a mouse brain stained with cresyl violet showing the implantation site of a guide cannula in the transition zone between the striatum and the NAc (3.6 mm dorsoventral from skull surface). Injections were performed using an injector cannula that projected 1 mm downward from the tip of the guide cannula (4.6 mm dorsoventral from skull surface) in order to reach the central part of the NAc. The core and shell subregions were not distinguished. Data are expressed as mean ± SEM. *Po0.05, **Po0.01 compared with extinction, ## Po0.01 comparison between pretreatments. aca, anterior commissure, anterior part; AcbC, accumbens core; AcbSh, accumbens shell. Vulnerability to relapse in addicted patients can persist after years of abstinence, implying that addiction is caused by long-lasting changes in brain function as a result of repeated drug intake (Kalivas and Volkow, 2005) . The glutamatergic projection from the PFC to the NAc has been identified as the final common pathway for initiating drug-seeking behaviors, and a variety of molecular adaptations in this brain circuitry have been correlated with the resumption of drug-seeking behavior induced by different addictive drugs (Kalivas and Volkow, 2011) . In agreement, attenuation of glutamatergic transmission inhibits the reinstatement of nicotine-seeking in rodents (Knackstedt and Kalivas, 2009) . Consistent with the important role of glutamate in drug relapse, we show that reexposure to nicotine-associated cues modifies glutamatergic transmission in the NAc. Thus, reinstatement of nicotineseeking increased phosphorylation of GluR2-Ser880 and NR1-Ser890 in this brain region but not in the PFC. These changes in accumbal glutamatergic transmission are specific as other phosphorylations, such as NR1-Ser896, GluR1-Ser831, and GluR1-Ser845 were not modified in the NAc or the PFC by the presentation of nicotine-conditioned cues. In agreement with our results, cocaine-primed reinstatement increased GluR2-Ser880 phosphorylation in the rat NAc shell (Famous et al, 2008) . Both GluR2-Ser880 and NR1-Ser890 phosphorylations depend on PKC activation (Tingley et al, 1997; Chung et al, 2000) , a kinase related to glutamate receptor trafficking and plasticity mechanisms (Sanderson and Dell'Acqua, 2011) . Upon PKC activation, a rapid dispersal of NMDA receptors from synaptic to extrasynaptic sites has been observed in cultured hippocampal neurons (Fong et al, 2002; Ferreira et al, 2011) . Moreover, PKCinduced phosphorylation of Ser890, but not Ser896, disrupts surface-associated NR1 subunit clusters in heterologous cell systems (Tingley et al, 1997) , suggesting that PKC stimulation facilitates lateral diffusion of NMDA receptors out of the synapse, where they could be subsequently targeted for internalization (Carroll and Zukin, 2002) . Likewise, PKCdependent phosphorylation of GluR2-Ser880 induces rapid internalization of GluR2-containing AMPA receptors in neuronal cultures (Chung et al, 2000) . Interestingly, the inhibition of PKC-induced GluR2 subunit internalization in the NAc blocks cocaine-primed reinstatement (Famous et al, 2008) , suggesting that PKC might be involved in the reinitiation of drug-seeking behaviors. Here, we show that reinstatement of nicotine-seeking after presentation of nicotine-paired cues increased PKC-phosphorylated substrates in the NAc. Moreover, intra-NAc infusion of the PKC inhibitor NPC-15437 abolished cue-elicited reinstatement of nicotine-seeking, thus confirming a crucial role for PKC signaling within the NAc in relapse to nicotine-seeking triggered by re-exposure to nicotine-conditioned cues. The MAPK pathway is also critical for the regulation of synaptic plasticity (Wang et al, 2007) . In agreement, we observed an increase in p38 MAPK phosphorylation levels in the NAc on presentation of nicotine-associated cues, while phosphorylation of ERK remained unchanged. Interestingly, p38 MAPK pathway has an active role in the internalization of AMPA receptors during some forms of long-term depression (Zhu et al, 2002; Zhong et al, 2008) , although the participation of this pathway in NMDA receptor trafficking has not been assessed yet. Notably, the changes that we report in accumbal transmission are selectively engaged during the execution of nicotine-seeking behaviors. Thus, phosphorylation levels of GluR2-Ser880, NR1-Ser890, and p38 MAPK were not modified on presentation of food-conditioned cues during reinstatement of food-seeking behavior, suggesting that different biochemical mechanisms underlie food-and nicotine-seeking behaviors following re-exposure to rewardassociated cues. Future studies will be required to elucidate the exact contribution of the biochemical changes observed in the NAc to the reinstatement of nicotine-seeking behavior.
The Hcrtr-1 antagonist SB334867 blocks cocaine-induced long-term potentiation in VTA excitatory synapses (Borgland et al, 2006) , indicating that Hcrtr-1 activation modulates glutamatergic synaptic transmission. Consistent with this hypothesis, we have shown that SB334867 selectively attenuates the enhanced phosphorylation levels of NR1-Ser890 and p38 MAPK in the NAc of mice re-exposed to nicotine-associated cues. These effects do not seem to be directly modulated by Hcrtr-1 in the NAc as Hcrtr-2 is the main receptor expressed in this brain region (Marcus et al, 2001; Cluderay et al, 2002) . Other key areas related to the execution of drug-seeking behaviors, such as the VTA or the PFC, where Hcrtr-1 expression is more abundant (Marcus et al, 2001 ) could be responsible for this effect. Accordingly, cue-induced reinstatement of cocaine-seeking is dependent upon hypocretin (James et al, 2011) and AMPA receptor interactions within the VTA (Mahler et al, 2012b) .
In conclusion, we demonstrate a selective role for Hcrtr-1 in the reinstatement of nicotine-seeking and associated biochemical changes in the NAc promoted by nicotineassociated cues. Moreover, we show that PKC signaling modulates relapse to nicotine-seeking behavior triggered by nicotine-conditioned cues. These results could be of relevance for the design of new therapeutic strategies to achieve smoking cessation.
